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Abstract: This paper presents a low-voltage low-power chopper-stabilized differential difference
amplifier (DDA) realized using 40 nm CMOS technology. Operating with a supply voltage of 0.5V, a
three-stage DDA has been employed to achieve an open-loop gain of 89 dB, while consuming just
0.74 uW of power. The proposed DDA incorporates feed-forward frequency compensation and a Type
IT compensator to achieve pole-zero cancellation and damping factor control. The DDA has a unity-
gain bandwidth (UGB) of 170 kHz, a phase margin (PM) of 63.98°, and a common-mode rejection ratio
(CMRR) of up to 100 dB. This circuit can effectively drive a 50 pF capacitor in parallel with a 300 kO
resistor. The use of the chopper stabilization technique effectively mitigates the offset and 1/f noise.
The chopping frequency of the chopper modulator is 5 kHz. The input noise is 245 nV/sqrt (Hz) at
1 kHz, and the input-referred offset under Monte Carlo cases is only 0.26 mV. Such a low-voltage
chopper-stabilized DDA will be very useful for analog signal processing applications. Compared
to the reported chopper DDA counterparts, the proposed DDA is regarded as that with one of the
lowest supply voltages. The proposed DDA has demonstrated its effectiveness in tradeoff design
when dealing with multiple parameters pertaining to power consumption, noise, and bandwidth.

Keywords: differential difference amplifier; chopper stabilized; low voltage; damping factor;
frequency compensation; sensor amplifier; analog signal processing

1. Introduction

In recent years, there has been a growing interest in the field of ultra-low-power and
ultra-low-voltage circuit technologies [1-5]. This heightened interest can be attributed to
advancements in technology and the rising demand for biomedical devices [6,7] and so
forth. Circuits operating in the subthreshold region offer the advantage of significantly
reduced power consumption, making them a practical approach for achieving both lower
power consumption and lower supply voltages. Given the exponential relationship between
Vs and Ip of transistors operating in weak inversion, circuits can benefit from a high
gm/Ip ratio, which enhances their performance. However, the limitation of low supply
voltage poses challenges in the implementation of cascode amplifiers, thereby making the
construction of high-gain amplifiers more complex. Thus, the need arises for multi-stage
amplifiers and their stability through effective frequency compensation.

Research has indicated that considering the issues of reduced bandwidth and increased
power consumption of multistage amplifiers, the three-stage amplifier is a popular topology
for most low-voltage amplifier designs, which can provide a sufficient DC gain for most
circuits [8]. In addition to the conventional three-stage nested Miller compensation (NMC),
several advanced frequency compensation techniques have been developed. These include
Multipath MNC (MNMC) [9], Nested Gm-C Compensation (NGCC) [10], and Damping-
Factor-Controlled Frequency Compensation (DFCFC) [11]. These well-known topologies
utilize pole-zero cancellation and damping factor control techniques to expand bandwidth
and optimize the phase margin.
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The differential difference amplifier (DDA) has been extensively employed in the
biomedical field [12-15], in fully differential amplifiers [16], in filters [17], in data convert-
ers [18], in analog building blocks [19], in sensor signal-processing amplifiers [20], and so
forth. It relies on the comparison of two floating input voltages in a high-gain amplifier
circuit architecture. This relaxes the component count for processing floating analog sig-
nals. As such, less complexity is required. Therefore, it can achieve a high common-mode
rejection ratio (CMRR) easily through its straightforward implementation and simplicity.

Similar to conventional CMOS operational amplifiers, DDAs also encounter limitations
related to DC offset and low-frequency 1/f noise. These non-ideal effects can be mitigated
using well-established dynamic offset cancellation methods. These methods commonly
involve auto-zero techniques [21,22] and chopper stabilization techniques [23-27]. The
chopper stabilization technique is a continuous-time design which can effectively reduce
low-frequency noise and DC offset by modulating and demodulating signals in continuous
time. It can achieve offset voltages of several microvolts and diminishes 1/f noise to
over ten times lower than the original circuit without the chopper stabilization technique.
However, the majority of chopper amplifiers that are designed will consume high power.
This is mainly because a higher supply is needed to operate choppers, which are realized
by MOS switch transistors in the triode region.

The application of the proposed DDA can be applied to ECG monitoring as an example.
The ECG signals exhibit low amplitudes, ranging from 0.5 mV to 8 mV, necessitating an
instrumentation amplifier as the analog frontend. The typical ECG signal amplitude is
about 1 mV. Moreover, due to its susceptibility to noise, the application requires analog
front-end circuits (AFE) for pre-amplification before processing the signals. Table 1 shows
the typical specifications of analog front-end circuits, covering aspects such as bandwidth,
noise, CMRR, and PSRR.

Table 1. Specification of the AFE for ECG monitoring.

Parameter Size
BW 0-150 Hz
GBW >100 kHz
PM >50 degree
Max Allowable Gain 100
Input ECG Signal 0.5-8 mV
Input-referred Offset <1 mV
CMRR@10 Hz >100 dB
PSRR@10 Hz >60 dB
Power Consumption <1 W
Slew Rate >100 mV/uS
Cy 50 pF

This paper presents a new chopper-stabilized DDA with a supply voltage of 0.5 V.
This amplifier effectively addresses the challenge of achieving a high open-loop gain in
low-voltage applications while simultaneously reducing power consumption. The key
contribution of this paper lies in the novel frequency compensation technique employed for
the three-stage chopper-stabilized DDA, whilst providing quantitative results of reducing
DC offset and noise through the application of the low-voltage chopper technique. The
proposed circuit combines the feed-forward compensation technique and a type II compen-
sator to achieve sufficient bandwidth and robust stability. The amplifier has demonstrated
excellent robustness, CMRR, and noise suppression performance, making it suitable for
a wide range of analog signal processing applications which include bioelectrical signal
processing, filter implementation, analog circuits, sensor interfaces, and so forth.

The following section of this paper is organized as follows. Section 2 reviews the
previous design of the low-voltage DDA. Section 3 describes the design of the proposed
chopper-stabilized DDA. Section 4 presents the simulation results and discussion. Section 5
summarizes the concluding remarks.
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2. Review of Low-Voltage DDA Design

Low supply voltages can significantly restrict the input common-mode voltage range.
To tackle this challenge, bulk-driven amplifiers [28-30] employ bulk-driven input tran-
sistors operating in the subthreshold region. Additionally, the conventional tail current
source in the input differential amplifiers can be eliminated. This modification expands the
common-mode input voltage range and reduces the Vpp/Vry ratio. The detailed circuit is
depicted in Figure 1.
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Figure 1. Non-tailed bulk-driven DDA.

Due to the bulk-driven topology, the circuit allows for a rail-to-rail common-mode
input swing. However, the application of the bulk-driven technique will greatly minimize
the transconductance of the input stage, which leads to higher noise and also limits the
bandwidth. Thus, most circuits are constrained to a gain bandwidth of only a few tens of
kilohertz and exhibits relatively high noise levels.

In addition, the DDA can be designed to operate in the subthreshold region in order
to lower the operating supply voltage. A gate-source-driven DDA, which is able to operate
at a supply voltage of 1V, is shown in Figure 2 [31]. The first stage consists of transistors
M;-Mi4, which not only implements the inputs of the DDA but also employs a fully
differential folded cascode structure to enhance the gain as the first step. The signal from
the first stage is then converted to a differential-to-single-ended gain stage consisting of
transistors M5—Mp; to further boost the gain. It is noted that Mg is added at the output
branch to form the cascode structure to increase the gain as the second step. Cc; is the
Miller frequency compensation capacitor, whereas the grounded Cc; is used to stabilize
the common-mode feedback loop in the differential amplifier.

Due to the larger transconductance gm of the gate-source bias transistor, the
gate—source-driven amplifier is able to achieve lower noise than the bulk-driven tech-
nique. The use of a folded cascode structure plus differential-to-single-ended converter
enables the DDA to achieve an overall open-loop gain exceeding 100 dB. However, it im-
poses limitations on the output swing and input common-mode range. This configuration
proves challenging to operate with a supply voltage as low as 0.5 V.
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Figure 2. DDA with a fully differential folded cascode input stage and differential-to-single-ended

converter as the output stage (common-mode feedback circuit not shown).

3. Proposed Low-Voltage Chopper-Stabilized DDA Design
3.1. Chopper-Stabilized DDA Operation Principle
Figure 3 depicts the chopper modulator employing NMOS transistors as switches.

The expressions for the time-domain and Fourier transformation of the chopper modulator
with a chopping frequency of fe,pper are given as follows:

Ten
1, 0<t< opper 1
m(t) = Tchapper 2 / TChoppgr A (1)
-1, — < t< Tchopper fchopper
m(t) = kzl sin (Zﬂkfchoppg, t), kis odd ()

From (2), it can be seen that the frequency domain characteristic of the chopper
modulator involves harmonics exclusively of odd order, with the absence of a DC com-
ponent. Figure 4 illustrates the block diagram of the proposed chopper-stabilized DDA
circuit. Two pairs of input differential voltage signals are simultaneously modulated by
the chopper and subsequently combined with noise and DC offset voltage at the amplifier
inputs. These combined signals are then directed into the first stage. The signals at the
transconductance inputs of the first stage amplifier can be expressed as follows:

Vmp(t) = Vinp -m(t) + VOSp + VNp

[e) . ) 3

= i”szl %Sm (anfChoppert> + Vosp + Vnp, kis odd ®)
an(t) = Vinn m(t) + Vosn + Vi

= Vinn Z %Sm (anfchoppert) + VOSn + VNn/ k is odd ( )

k=1

where Vps, and Vs, represent the offset voltage of each input port, while Vi, and Vi, de-
note the noise of each input port. Equations (3) and (4) reveal that the input choppers shift
the differential input signals to the odd harmonics of the chopping frequency, while noise
and bias voltages remain in the baseband spectrum. Subsequently, the input combined
signals are converted into current signals by transconductors with identical transconduc-
tance gains of G,,;. At the outputs of transconductors, these currents are summed and then
transformed into voltage signals by a transimpedance amplifier with a gain denoted as K.
The output voltage signal of the transimpedance amplifier undergoes further processing
through the output chopper demodulator. The resulting voltage signal can be expressed as
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Vi (t) = K-m(t)- [Gml'Vmp(t) - Gml'an(t)]
= KGyn (Vinp - Vinn) (kgl %Sin (27kachopper t) ) ( )y ]%sin (anfchopper t>> (5)

j=1

(o]
+KGy1 (Vosp — Vosn + Vip — Vi) <,21 5 (278 papper t) ) k,jis odd
j=

The first term of the above equation is the result of two modulations of the input
signal, and its expansion is obtained as

(o) 4 . (o) 4 X .
KGyn <Vinp - Vinn) (kgl L (27kachopper t)) jgl S <27T]fchopper t))

KGpn <Vinp - Vinn) % — KGun <Vinp — Vinn %COS <47chh0ppert>/ k= ] =1 (6)
KGml (Vmp _ W}'m)k 12 : %%(Cﬂs(kfj)zzﬂfdwwwt _ CUS(k+j)227chhapper t)/ others
=1,j=

From (5) and (6), it can be observed that the demodulation process preserves the low-
frequency component of the signal. Moreover, any offset voltage as well as the 1/f noise
are primarily present at the odd harmonics of the chopping frequency. By implementing a
low-pass filter, it becomes possible to effectively eliminate both the offset voltage and the
low-frequency noise, thereby enhancing the overall signal quality. As the output chopper
is placed before the high-gain stage, it does not suppress the noise from the high-gain stage
and the buffer stage. Therefore, the gain of the first stage A; = K-G,;; should be designed
as high as possible to reduce noise. In addition, there exists a tradeoff in the design of the
front-end stage. Increasing G,,; comes at the cost of a reduced-input common-mode range.
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Figure 4. The block diagram of the proposed chopper-stabilized DDA.

3.2. Circuit Topology

The circuit diagram of the proposed chopper-stabilized DDA is shown in Figure 5,
and the sizes and types of components of the proposed circuit are shown in Table 2. The
circuit consists of four stages, namely the biasing circuit, first stage, high-gain stage, and
output stage. The biasing circuit employs a fast start-up bias circuit comprising transistors
Mg, to Mpg, capacitors Cp; and Cgy, and resistor Rg. The effective reduction in power
consumption is achieved through the utilization of a capacitor startup network. In the first
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stage, both input ports of the circuit employ NMOS transistors, enhancing the matching
performance between these two ports. The sizes of input transistors are the same and
intentionally set relatively large to minimize flicker noise. Additionally, a current mirror
load is employed to achieve improved power efficiency. The high-gain stage comprises
a non-inverting amplifier using a current mirror load and an inverting amplifier with a
current source load to enhance the total gain of circuit. Moreover, two feed-forward paths
are implemented using transistors Mjp and Mj3. Together with a type II compensator,
comprising compensation capacitors Cp, and Cp,p, as well as a nulling resistor Ry, the
configuration forms a frequency compensation network, ensuring robust stability. The
output stage employs an output buffer structure, consisting of a native NMOS transistor
My, along with two low-threshold voltage MOS transistors, M5 and My7, and a high-
threshold voltage NMOS transistor M;g. By combining two amplifiers to operate at different
input signal ranges, the buffer permits rail-to-rail operation under a very low supply voltage.
In addition, it offers a resistive driving capability due to the feedback transistor M;s that
helps the reduction in output resistance of the buffer.
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o | PT
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Mg, ) Moy Mo || Mis Mis
1= |4E = |—< =
\V Vout
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-——— — - — — > ———— - —— — — — —_— — — — - — > — — — — — — —— - ——— — — — >
Figure 5. Circuit diagram of proposed chopper-stabilized DDA.
Table 2. Sizes and types of components of proposed chopper-stabilized DDA.
Components Type Size (W/L)
Mg Regular NMOS 50/1 (um/ pum)
Mg, Regular NMOS 5/1 (um/um)
Mgs, Mgy Low-threshold PMOS 28/1 (um/ pum)
Mgs Low-threshold NMOS 25/1 (um/ pum)
Mgg Low-threshold NMOS 12/1 (um/ pum)
M;i, My, M3, My Low-threshold NMOS 50/1 (um/pum)
Ms, Mg Low-threshold PMOS 50/1 (um/ pum)
My, Mg Low-threshold NMOS 25/1 (um/pm)
My Low-threshold PMOS 20/1 (um/ pum)

Mg Low-threshold PMOS 18.5/1 (um/pum)
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Table 2. Cont.

Components Type Size (W/L)
Mj1, My; Low-threshold NMOS 1/1 (um/pm)
Mjis Low-threshold PMOS 40.5/1 (um/pm)
My Low-threshold NMOS 26/1 (um/pum)
M;is Low-threshold PMOS 8/1 (um/pum)
Miq Native NMOS 70/1 (um/pm)
M7 Low-threshold NMOS 1/7 (um/pm)
Mg High-threshold NMOS 30/1 (um/pum)
Cg1, Cp2 Capacitor 10 pF
Cm1 Capacitor 5pF
Cm2 Capacitor 250 fF
CL Capacitor 50 pF
Rp Resistor 4.5 MQ
Rt Resistor 1.2 MQ
Ry Resistor 300 kO

It is noted that the offset in the chopper-stabilized DDA comes from a mismatch in
impedance between ports [26]. In addition, noise is partitioned into thermal or flicker noise
components. Through chopper operation, the majority of the flicker noise component is
reduced; hence, noise is dominated by thermal noise, which is related to g and 14 bias
in the front-stage design. Stability is related to unity-gain bandwidth at a given power
and capacitive load indirectly. It is directly related to the effectiveness of the frequency
compensation technique as well as the architecture. In this paper, the power/bandwidth
metric is adopted to quantify the stability because an amplifier will be subject to the stability
issue when the bandwidth is enlarged at a given power and specific load.

For the low-voltage chopper modulator design, the clock generated by the oscillator is
not sufficient to drive the chopper switches, due to the supply voltage limitation. Therefore,
a clock booster is essential to enable the chopper to operate effectively under the low-voltage
condition. The conventional Dickson charge pump circuit can achieve the multiplication
of clock swing. However, its performance is constrained by the threshold voltage drop of
NMOS transistors and the reverse charge-sharing phenomenon. In view of the previously
mentioned issues, an alternative charge pump circuit [32] was employed, and its circuit is
illustrated in Figure 6.

Vo
_I_

=]

\DD

e 3% i

l-l Vout2

Voutl 1\*16._ ¢ B % 3 — M, ou
Vr:;LK (o,

Figure 6. The clock booster for the proposed chopper-stabilized DDA.
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The amplitude of the input clock voltage to this circuit oscillates between 0 and Vpp.
When the clock voltage is high (Vpp), the NMOS transistor M is turned on. Consequently,
capacitor C; starts being charged through the path from Vpp to transistor M,, gradually
reaching a voltage level of Vpp (assuming negligible threshold voltage drop). As the clock
transitions to a low state (0V), transistor M3 is switched on. This causes the voltage on the
bottom plate of capacitor C; to rise from 0 V to Vpp. Simultaneously, the voltage on the
top plate of capacitor C, changes from Vpp to 2Vpp because of the charge accumulated by
capacitor C, during the preceding clock cycle. Consequently, V, undergoes a transition
from Vpp to 2Vpp while the clock is in the low state. The CMOS inverters composed of My
and Mg are in control of Vcrx. When the clock signal is high, transistor Mg is turned on,
causing the output voltage Vo to discharge to 0 V. Conversely, when the clock signal is
low, transistor My is turned on. Since its source voltage is V3, the output voltage Vo is
pulled up to 2Vpp. Therefore, the value of V1 swings between 0 V and 2Vpp, driven by
the clock signal.

The output on the left side of the circuit V1 operates in a similar principle but with
opposite polarity. The clock signals V41 and Vo are complementary. Given that Vo,
is in phase with the input clock, it is used as the final output. To minimize chip area, the
capacitance on the right side is reduced. The sizes of components and simulation results
are illustrated in Table 3 and Figure 7, respectively. From Figure 7, it is evident that the
amplitude of the output signal can be boosted to almost twice the amplitude of the input
clock, specifically increasing from 500 mV to 978 mV.

Table 3. Sizes of components in clock booster.

Component Size Component Size
M;, M, 3/1 (um/pm) C1 5 pF
M3, M5, My 6/1 (um/pm) C2 1pF
My, Mg, Mg 3/1 (um/pum)
input clock
1L
0.978
% 0.5}
&
N
0 1 2 3 4 5 6
Time[s] x1071

output clock

—

Voltage[V]
o
o (521

0 1 2 3 4 6
Timel[s] x107*

(33

Figure 7. The simulation results for clock booster.

3.3. Frequency Compensation of Proposed DDA
3.3.1. Transfer Function

The block diagram and small-signal diagram of the proposed DDA are illustrated
in Figures 8 and 9, respectively. The utilization of two components, namely (1) two feed-
forward transconductances and (2) a Type II compensator [33], impacts the frequency
response. The role of the feedforward transconductances is to control the position of zeros.
The addition of the Type II compensator serves two purposes. It facilitates the pole-zero
cancellation by introducing a nulling resistor and simultaneously regulating the damping
factor of the system related to the positions of the non-dominant complex poles.
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Figure 8. Frequency topology of proposed DDA.
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Figure 9. Small-signal model of proposed DDA.

Both feedforward transconductances are single transistors with transconductance g, 11
and —g;, 1>, respectively. The input signal for the first feedforward transconductance is
from the input ports, and its output signal is connected to the input of the third stage.
Meanwhile, the input signal for the second feedforward transconductance is from the
output of the first stage, and its output signal is linked to the input of the buffer stage. The
type II compensator consists of two capacitors C,;; and Cy;» and a resistor R,,1, shown in
Figure 8.

In order to analyze the stability of the circuit, the transfer function is first analyzed on
the basis of the following assumptions. (1) C > C,,1, Cy2. (2) Some parasitic capacitances,
including C; and C,, are ignored due to small values. (3) The gain of each stage is much
greater than one (i.e., g,,;R; > 1). Thus, the transfer function is given as

Age (1+Rm1les+ %sﬁ
Aols) = Ry1 Con1 Cm2 : ”1; 1Sm1Cm2C 2 @
(1+P15)<1+P25) <1+ g’mlfcm’; s+gn12g:nnSR]2n(Crr:”1+Cm2)s )
where Ay = gmlgm2gm3gmbe1R2R3Rout/ p1 = —1/RiR2R38m28m3(Cim1 + Ci2) is the
dominant pole, and p, = —1/(R4||R1)CL, is a non-dominant pole. The symbols have their

usual meanings. Thus, the gain bandwidth product is as follows:

8m1
GBW =Ay-p1 = ——— R 8
de” PL= S Smbf Rout 8)

From (8), it is obvious that the gain bandwidth product is controlled by the com-
pensation capacitors Cp,,; and Cyp. In addition, there are two zeros which can be used
to cancel the non-dominant pole p;. Moreover, the damping factor and the position of

the other two non-dominant poles p3 4 can be optimized by controlling a combination of
Rin1, Ci1, and Cppp.
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3.3.2. Stability Analysis
The position of two zeros from (7) can be obtained as

48mr1Cm2
1 :t 1 gmlgMZlecml

2le le

z12 = )

It can be seen from (9) that the position of two zeros can be controlled by g;,1. By
setting ¢ 1< 8ml Im2R1Cm1 /4Cy2, two zeros can be located on the real axis in the left
half-plane. By choosing

Sm18m2Rm1 Cin
=017 10
8m f1 4C,p ( )
and in order to cancel p,, the dimension condition of C,,; is
1 Rout
== 11
Cm = 5 Ry CL (11)

where Ryut = Ry||Rr . In the proposed DDA circuit, Ryt can be one-tenth the magnitude
of R;;;1 due to a relatively small load resistor to be driven. Thus, a small dimension of C,;
is achievable.

At this juncture, the expression for the system’s loop gain can be obtained as

Aols) = Au(1+2)(1+3) (12)

S S Ryt Cin1 G Rim Ci1 Cin2Cs 21|
(1 + pl) (1 + PZ) |:1 + Cin1+Cn2 s+ gmlgm3R2(Cm1+CmZ)S

To facilitate the optimization of the loop for a balanced tradeoff between stability and
transient characteristics, a careful arrangement of the locations of the other two poles p3 4 is
essential. The quadratic polynomial part of the denominator of the loop gain is written as

lecmlcmZ le lecm2c3 2

H(s) =1+ s s
( ) Ci1 +Ci2 gngmBRZ(le + CmZ)

(13)

According to the basic theory of damping factor control, a second-order system exhibits
the following characteristic equation:

F(s) = 1+s(2€)<cj> +s2<1>2 (14)

n Wy

where ¢ represents the damping factor, and w;, is the natural frequency. By applying the
above model to the proposed DDA, the expression of ¢ and wj, can be derived as

nggm3R2(Cm1 + CmZ)
wy = 15
" \/ lecmlcmZCB ( )

¢ (16)

_ 1RmGCnCn2 | 8&m28m3Ra(Cin1 + Cru2)
2 Cy1+C2 Rt Ci1 Ci2Cs

Based on the principle of damping factor control, when = 1/+/2, the system’s transi-
tion time is shorter than that of the critically damped case, and the oscillation amplitude is
reduced. Thus, the circuit will gain better stability. From this, the expression for the first
condition is given by

Ri1 Cim1 Cmz _ 2G; (17)
(Co1 +Cm2)  gm2gm3R2
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The position of the non-dominant complex poles p3 4 can be obtained from Equation (14),
which gives

P34l = wn (18)
and the phase margin PM of the system is
20 ( GBW)
PM = 180° — tan™" <G5W> tant [ Al (19)
1

2
1— (cBw
P34l

In the above equation, the phase shift generated by the dominant pole is 90°, and if
the phase shift generated by the second dominant pole is 30°, the total phase margin of
the system is 60°. At this point, the system is stable and has the best transient response
characteristic. In order to achieve this, it is required that

P34l = 2V2GBW (20)

By combining (20), (18), (17), (15), and (11) with (8), the dimension condition of C,,;»
and R,;; can be derived as follows:

168m18mbfCs
2= 5 -5~ C3 (21)
" gizgisR%CL
= Sr8mCL g, 22)

881 8mbfCs
By substituting (22), (21), and (11) into (10), the condition of g, 1 can be obtained as

R3IR,,,Ci g8
10, 240R 11 G381 82,

Smfl = gm2 (23)

Based on the above analysis, it becomes evident that it is possible to achieve small di-
mensions of the compensation capacitors C,; and Cp while maintaining good
phase margins.

4. Simulation Results and Discussions

The proposed chopper-stabilized DDA is simulated using 40 nm CMOS technology,
with a low supply voltage of 0.5 V. The simulation was analyzed using Cadence SpectreRF
1C6.1.8-64b.500.1. The simulation results of the frequency response for the open-loop gain
and phase of the chopper-stabilized DDA with a 5 kHz chopper frequency are depicted
in Figure 10. With a 50 pF load capacitance and a parallel load resistor of 300 k(}, the
low-frequency gain reaches 89 dB, the unity-gain bandwidth is 170.5 kHz, and the phase
margin is 63.98°. This verifies that the proposed frequency compensation is effective at
ensuring stability in multi-stage amplifier design. Finally, it can be found that the voltage
gain achieved surpasses the performance of the majority of sub-0.5 V designs.

Figure 11 shows the simulation results of the PSRR and CMRR of the proposed
circuit in a unity-gain configuration, which is shown in Figure 12. It is worth noting
that both parameters achieve comparably high values, owing to the unique structural
characteristics of the DDA.

Figure 13 illustrates the input common-mode range and output common-mode range
of the chopper-stabilized DDA. It can be observed that the input range with unity gain is
200 mV to 400 mV. Although the input common-mode range may not be extensive, this
tradeoff is made to significantly enhance the overall gain and noise suppression perfor-
mance of the proposed chopper DDA.
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Figure 11. PSRR and CMRR of chopper-stabilized DDA in unity-gain configuration: (a) PSRR;
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Figure 13. Common-mode range of the chopper-stabilized DDA in unity-gain configuration.

Figure 14a shows a 500 Hz pulse signal swinging from 200 mV to 300 mV being used
for evaluation of the transient response of the chopper-stabilized DDA operating in a
unity-gain configuration. The output signal is shown in Figure 14b, from which the slew
rate SR+/SR— can be calculated as 150.00/54.54 V /ms, respectively.

0.35 0.35
03} 03 |
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E °
20.25 S0
g a
< g
20005ms 8 M N . 5.0021ms
0.2 0.2
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Time[s] x107% Timels] x10~3
(a) (b)

Figure 14. Transient pulse-wave response of the chopper-stabilized DDA in unity-gain configuration:
(a) input, (b) output.

Figure 15 illustrates the variation in total harmonic distortion (THD) with the ampli-
tude of the output signal for 10 Hz and 100 Hz input signals. It shows that THD < 2% when
the amplitude of the output signal is less than 380 mV pp. The output noise floor of the
unity-gain configuration is 2.64 uVrms; therefore, the DR is 94.1 dB.

Figure 16 illustrates the input-referred noise spectrum of the proposed chopper-
stabilized DDA (solid line), with a comparison to the noise spectrum when the chopper
is disabled (dash line). Notably, chopper modulation at 5 kHz results in a reduction in
low-frequency noise density by a factor of nearly 10. Additionally, the noise spectrum
shows a peak at the chopping frequency, signifying the modulation of low-frequency noise
into odd harmonics of the chopping frequency.
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Figure 15. THD of closed-loop chopper DDA with unity-gain configuration.
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Figure 16. Input-referred noise spectrum of the chopper-stabilized DDA.

Figure 17 shows the input-referred offset obtained by Monte Carlo simulation.
Figure 17a illustrates the histogram with chopping disabled, while Figure 17b shows
the histogram with chopping enabled. This comparison reveals that chopping at 5 kHz
reduces the offset voltage by a factor of 3.3.

Figure 18 illustrates the closed-loop configuration of the chopper DDA with a low-pass
filter (LPF), where AGND stands for analog ground which will be supplied by the Systems-
on-Chip (S0Cs). The amplifier’s dc gain is determined by (24). By setting R, = 10 k) and
R; =990 k), a gain of around 40 dB can be obtained. To optimize chip area utilization,
a first-order filter making use of a pseudo-resistor and a capacitor is employed [20]. The
pseudo-resistor is a high-threshold PMOS transistor with gate-drain shorts, enabling the
realization of large resistances in the G() range. Integration of the pseudo-resistor with a
small capacitor results in cutoff frequencies in the range of a few hundred Hertz. The choice
of high-threshold transistors serves the purpose of minimizing leakage currents, ensuring
the circuit’s efficiency and reliability. The sizes and types of components are shown in
Table 4.

Ag=1+-1 (24)
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Figure 17. Input-referred offset: (a) chopper disabled, (b) chopper enabled.

. to +
V n_ N My L]
X"; 0 o Vout
g =
_ Ry =G
Ra
—LAGND

Figure 18. Closed-loop configuration of proposed chopper-stabilized DDA with LPFE.

Table 4. Sizes and types of components of closed-loop chopper-stabilized DDA.

Components Type Size (W/L)
Mp_hwt High-threshold PMOS 100/1 (um/pum)
Cp Capacitor 1pF
Ry Resistor 990 k)
Ry Resistor 10 kO

Figures 19 and 20 illustrate the AC frequency response and transient response of the
closed-loop chopper DDA with LPF, respectively. It clearly reveals a 3 dB bandwidth of
161.12 Hz. Following the LPF, the input-referred noise is 2.56 pVrms.

Figure 21 shows the relation between THD and the amplitude of the output signal for
10 Hz and 100 Hz input signals of the closed-loop chopper-stabilized DDA with the LPE.
In this application setup, a quiescent bias of 300 mV is used in the input port to maximize
the input dynamic according to the input common mode range, as shown in Figure 13.
Referring to Figure 21, for THD < 2% as the limit, the amplitude of the output signal is less
than 60 mVpp in rms value. Combining the output noise floor of 256 uVrms, the DR can be
calculated as 38.3 dB. In general, distortion increases with the increase in closed-loop gain
in the amplifier. Hence, the maximum allowable output for a particular distortion level
is reduced. As such, DR is governed by the closed-loop gain factor. It is also possible to
improve DR further but at the expense of increased power consumption as the tradeoff.
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Figure 19. AC frequency response of closed-loop chopper-stabilized DDA with LPF: (a) gain,

(b) phase.
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Figure 21. THD of closed-loop chopper DDA with LPE.

The results of process corners, voltage, and temperature analysis are illustrated in
Table 5. Regardless of different conditions, the circuit maintains a total power consumption
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of under 1 uW, while achieving a gain greater than 80 dB. The data in Table 5 demonstrate
the circuit’s robustness over various process variations. In general, performance can be
further enhanced if more power consumption is permitted in the design.

Table 5. Simulated main performance parameters in unity-gain configuration over process voltage
and temperature variations.

Parameter

(T =27°C, Vpp = 0.5 V) T 5§ FE
Gain, (dB) 88.87 91.87 81.09
UGB, (kHz) 170.46 113.49 239.68
PM, (deg) 63.98 53.24 66.28
GM, (dB) 18.58 20.50 15.64
PSRR, (dB) 78.56 80.42 76.84
CMRR, (dB) 100.81 96.58 101.79
SR+, (V/ms) 150.00 66.92 216.49
SR—, (V/ms) 54.54 34.12 386.67
Input Noise, @1 kHz (nV/sqrt (Hz)) 245.45 295.23 194.94
Power Consumption, (LW) 0.72 0.61 0.95
CL 50 pF 50 pF 50 pF
Parameter

(TT corner, T = 27 °C) 045V 05V 055V
Gain, (dB) 83.03 88.87 88.17
UGB, (kHz) 136.76 170.46 170.34
PM, (deg) 52.20 63.98 63.9
GM, (dB) 17.70 18.58 17.97
PSRR, (dB) 56.00 78.56 78.5
CMRR, (dB) 78.12 100.81 100.78
SR+, (V/ms) 22.36 150.00 251.26
SR—, (V/ms) 29.62 54.54 309.33
Input Noise, @1 kHz (nV /sqrt (Hz)) 269.03 245.45 245.08
Power Consumption, (HW) 0.59 0.72 0.99
CL 50 pF 50 pF 50 pF
Parameter ° o o
(TT corner, Vpp = 0.5 V) —20°C 27°C 80°C
Gain, (dB) 93.16 88.87 80.02
UGB, (kHz) 90.24 170.46 425.39
PM, (deg) 59.10 63.98 52.02.
GM, (dB) 14.36 18.58 22.14
PSRR, (dB) 76.00 78.56 92.08
CMRR, (dB) 95.89 100.81 85.16
SR+, (V/ms) 22.17 150.00 181.25
SR—, (V/ms) 23.15 54.54 226.89
Input Noise, @1 kHz (nV/sqrt (Hz)) 221.89 245.45 148.27
Power Consumption, (LW) 0.53 0.72 1.00
CL 50 pF 50 pF 50 pF

Parasitic capacitors of layout are estimated and intentionally added at the circuit
component nodes to allow evaluation of the parasitic impact on the circuit performance.
These parasitic capacitors range from 40 fF to 400 fF. Table 6 presents the simulation of the
chopper-stabilized DDA both with and without intentionally added parasitic capacitors.
By comparing the results, it can be confirmed that the proposed chopper-stabilized DDA is
minimally impacted by the parasitic effects arising from layout issues.
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Table 6. Simulated main performance parameters with and without intentionally added
parasitic capacitors.

Without Intentionally Added With Intentionally Added

Parameter Parasitic Capacitors Parasitic Capacitors
Gain, (dB) 88.87 88.10

UGB, (kHz) 170.46 170.72

PM, (deg) 63.98 63.65

GM, (dB) 18.58 17.88

PSRR, (dB) 78.56 78. 87

CMRR, (dB) 100.81 101.17

Input Noise, @1 kHz (nV/sqrt (Hz)) 245.45 245.58

Power Consumption, (uW) 0.72 0.72

CL 50 pF 50 pF

The tradeoff efficiency of an amplifier integrates the aspects of noise, power, and
unity-gain bandwidth. To assess this, the Figure of Merit (FoM), defined as noise-power
per bandwidth, is introduced. The formula is given as follows:

FoM = P, x Input Noise@ 1kHz /UGB (25)

where P, is the power consumption and UGB is the unity-gain bandwidth. The lower the
FOM, the better the overall performance of the amplifier. The simulation results show that

the FOM of the proposed DDA is 1.03 ((nV/ Vv Hz) -yW/Hz) .

Table 7 provides a comparison of the performance of the proposed chopper-stabilized
DDA with other low-voltage DDAs. It is evident that the proposed circuit achieves a
relatively high CMRR and PSRR. Furthermore, the incorporation of the chopper technique
significantly reduces noise and input-referred offset in the circuit, making it stand out in
terms of these aspects. Although the power consumption of the circuit is in the medium
range, the proposed DDA exhibits the lowest value of FoM and power per bandwidth,
suggesting the overall efficiency in tradeoff design when considering power, noise, and
bandwidth parameters. Despite the circuit’s limited-input common-mode range, it has
confirmed good performance in both gain and bandwidth. These results collectively
affirm the effectiveness of the proposed circuit architecture and frequency compensation
technique.

Table 7. Performance comparison with other reported works.

. . [28] [29] [30] [31]

Units This Work 2022 2019 2018 2018
Process um 0.04 0.18 0.18 0.18 0.065
Supply Voltage \% 0.5 0.5 0.5 0.5 1
Power consumption nu 0.72 0.313 1.23 0.59 1.12
ICMR mV 200 500 500 500 -
Open-loop DC gain dB 89 95 62 64.7 104.4
UGB kHz 170.46 12.82 56.4 33.3 -
Power/Bandwidth uW /kHz 0.004 0.024 0.022 0.018 -
Phase Margin ) 63.98 55.7 54 58 -
CMRR @ DC dB 101 60 58 78 124
PSRR @ DC dB 79 66 60 62 88
Input Noise nV/sqrt(Hz) 245 880 - 578 -
Input-referred Offset mV 0.264 6.14 34 4.75 -
FOM (nV/@) -uW/Hz 1.03 21.49 - 10.24 -
Average SR V/ms 150.00 16.25 51.9 93 -
SR+ V/ms 54.54 15.81 74 152 -
SR- V/ms 102.27 16.69 29.9 34 -
CL pF 50 15 30 20 -
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5. Conclusions

This paper presents a new three-stage chopper-stabilized DDA with a supply voltage
of 0.5 V. It utilizes a combination of two feed-forward paths and a Type II frequency
compensator to achieve a good balance between high open-loop gain, wide bandwidth,
and sufficient phase margin. The integration of chopper stabilization techniques yields
very favorable results in terms of offset voltage reduction and low-frequency 1/f noise
suppression. The overall circuit design also offers excellent energy efficiency with very low
power consumption and a very high CMRR. Extensive simulation results have validated
the circuit’s robustness, demonstrating a tenfold reduction in low-frequency noise at a
chopping frequency of 5 kHz. The proposed circuit will be very useful for low-voltage
low-power analog signal processing applications.
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